Novel Solar Concentrator Geometry for Point Focus, Low-cost Applications  by Berryman, I. & Jelley, N.
 Energy Procedia  69 ( 2015 )  34 – 40 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer review by the scientific conference committee of SolarPACES 2014 under responsibility of PSE AG
doi: 10.1016/j.egypro.2015.03.005 
International Conference on Concentrating Solar Power and Chemical Energy Systems, 
SolarPACES 2014 
Novel solar concentrator geometry for point focus, low-cost 
applications  
I. Berrymana, N. Jelleya 
aUniversity of Oxford, Parks Road, Oxford OX1 3PJ, UK  
Abstract 
Solar concentrators for small scale applications typically make use of parabolic dishes or approximations thereof. Fully three 
dimensional parabolic dishes are expensive to manufacture whilst approximations to these dishes, i.e. the compound parabolic 
concentrator, will either compromise the ability of the system to obtain a point focus or require additional supporting structures to 
hold the multiple mirror facets in place. This paper will present the novel geometry of a system of mirrors that produces a point 
focus whilst using two single curvature surfaces. The focusing abilities and tolerances to tracking errors of this novel system will 
be presented in comparison to parabolic dishes. 
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1. Background 
Dish-based solar concentrator systems hold great potential in off-grid applications which are energy intensive, yet 
small scale. In particular dish-based systems lend themselves to applications where high-temperature process heat is 
required directly or in which photovoltaic systems are otherwise ill-suited, for example cooking, heating, and some 
methods of water purification and desalination. Parabolic dishes offer good performance but are often prohibitively 
expensive. The proposed concentrator provides an alternative to parabolic dish systems, combining the performance 
of a point focus system without the need of complex or expensive mirrors. Although proposed as a generalized solar 
concentrator the design shows particular merit as a solar cooker. 
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Nomenclature 
Caustic region a region where light rays bunch together 
Developable surface a surface formed from the bending of a plane without distortion, i.e. single curvature 
Directrix a line perpendicular to the axis of symmetry of a parabola such that the parabola lies 
equidistant from its focus and its directrix  
Fermat’s principle the path taken by a light ray between any two points is the path that takes the least 
time, with a corollary that convergent yet optically equidistant light paths produce a 
point focus 
Concentration factor (flux) the averaged irradiance over the receiver area divided by the insolation incident on the 
collector aperture 
1.1. Solar cooking 
Cooking fuels remain a large proportion of primary energy consumption in the developing world, approximately 
2.5 billion people use fuels such as wood, charcoal, and dung every day for cooking. In India up to 93% of the 
poorest households or 726 million people are dependent on biomass for cooking [1]. Wood remains the primary 
energy source for much of the world’s population leading to serious environmental problems such as deforestation 
and desertification [2]. Rural families expend much time in harvesting wood and many poor urban families spend a 
large proportion of their income purchasing such fuels.  
 
Additionally, the use of bio-fuels poses several health concerns including burns, eye disorders and lung 
diseases  [3]. In 2006 the World Health Organisation (WHO) estimated that 1.6 million deaths per year were 
attributable to indoor air pollution [4] caused by toxic gases from improper or incomplete combustion of solid bio-
fuels and fossil fuels. This estimate has been revised upwards recently to 4.3 million deaths per year [5]. The 
majority of affected people live in areas of high insolation in India and Africa. The market for solar cookers is 
currently dominated by box-type cookers with low solar concentrations and low temperature outputs, with more than 
600,000 cookers currently in use in India alone [6]. The UN has recently called for an improved, low-cost, durable 
solar cooker for use in refugee camps. 
2. Concentrator geometry 
The proposed system consists of a primary conical mirror reflecting onto a secondary parabolic mirror. The 
primary conical mirror is a truncated sector of a right circular cone and has a focal line along its axis of rotation. The 
secondary parabolic mirror is a section of a parabolic trough, see Figure 1. 
 
 
Fig. 1.Proposed concentrator system 
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2.1. Description of point focus and geometric variables 
Each mirror independently produces a line focus from incident parallel light and when correctly configured in 
combination the system produces a point focus. The parabolic mirror must be positioned such that the directrix of 
the parabola is coincident with the axis of rotation of the conic. Therefore, light incident on the parabolic mirror will 
travel the same distance to reach the focus of the parabolic mirror as it would have travelled to reach the line focus 
of the conical mirror and a point focus is obtained following Fermat’s principle. 
 
The conical mirror is defined by its inner and outer radii and the size of its sector angle. The size of the conical 
mirror is chosen to match the required power output for the system. Setting the focal length of the parabolic mirror 
and its offset distance from the conical mirror will then fully define the geometry. The focus of the system will shift 
according to these values but can be set such that it lies above the system, as in Fig. 1. 
2.2. Advantages 
Both mirrors are developable and can therefore be formed by the in-situ bending of planar mirrored surfaces. 
This also allows for the system to be flat-packed for shipment in bulk. The focus can be positioned as desired on the 
system (to avoid shading of incident light) and can be adjusted to minimise the effect of tracking errors or even to 
place the receiver at an ergonomic height for cooking. Single mirror dish-based systems will inevitably have 
equipment placed at their focal points which will shade incident light and reduce their effective apertures somewhat. 
The proposed system is easily scalable given the flexibility of placement of its focal point. In comparison to a 
compound parabolic dish consisting of many facets, similarly high concentrations and temperatures will be 
attainable. Additionally, there should be advantages in both expense and alignment of the supporting structure for 
the proposed two mirror system.  
3. Modelling 
A ray-tracing program was written in MATLAB, using Monte Carlo techniques, to compare the performance of 
the proposed system with respect to an equivalently sized parabolic dish. The energy distribution in the focal plane 
of either system will be dependent on the radial distribution of the incident solar energy. Rays are randomly 
generated with a uniform probability distribution over the solid angle of the solar disk. 
 
The relative intensity of each ray is then defined using a sunshape profile, see Eq. 1, as defined by Biue et al [7].  
 
 ߶ሺߠሻ ൌ  ௖௢௦ሺ଴Ǥଷଶ଺ఏሻ
௖௢௦ሺ଴Ǥଷ଴଼ఏሻ
  for  ሼߠ א ࣬ȁͲ ൑ ߠ ൑ ͶǤ͸ͷ݉ݎܽ݀ሽ                           (1) 
 
where the units of ߠ are in mrads. The comparison parabolic dish was chosen with the same aperture area, 0.291 m2, 
as the prototype of the proposed system, which is intended for use as a solar cooker. A focal length of 438 mm was 
defined for the comparison parabolic dish such that both systems’ mirrors have the same solid angle as measured 
from their focal points, 1.35 sr, to ensure a fair comparison of concentration factors. 
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4. Results 
4.1. On axis 
Fig. 2. Incident flux (MW/m2) on focal plane for (a) proposed concentrator geometry; (b) equivalent parabolic dish. Dimensions in mm. 
 
Comparisons were first made with both systems properly aligned with the Sun, see Fig. 2. For both systems, one 
of which has two reflections, a mirror reflectivity of 95% is assumed when calculating irradiance in the focal plane. 
Plots were produced for flux incident on the focal plane given a direct normal solar irradiance of 1000 W/m2. The 
influence of using an actual sunshape profile can be seen in Fig. 2 with the drop in incident flux near the edges of 
the caustic region.  
 
Both systems produced peak irradiance of around 24 MW/m2 in the focal plane. These idealized cases have 
concentration factors of around 5,400 for the proposed system and 10,000 for the parabolic dish. The sizes of the 
caustic regions are around 53 mm2 and 27 mm2 respectively. The theoretical maximum concentration factor for an 
axially symmetric system, subtending a solid angle of the 1.35 sr is 17700 for a uniform solar disc of extent 
4.65 mrad. 
 
The discrepancy in concentration factors between the systems is due to the asymmetry of the proposed system. 
The vast majority of the incident flux in the focal plane falls within a narrow caustic region. However, there exists 
small regions of low flux which, although contributing little to the total incident flux, impact on the calculation of 
the concentration factor, which includes the region of all extreme rays. These rays are excluded when looking at just 
the highest 90% of the incident flux on the focal plane, which falls in an area of 19 mm2 for the proposed system and 
14 mm2 for the parabolic dish. 
4.2. Off axis  
Solar cookers are unlikely to have accurate tracking systems and the performance of the two systems subject to 
off axis rays was therefore investigated. Behaviour of the proposed system subject to a zenith tracking error of +2.5° 
is shown in Fig. 3 compared to the parabolic dish with the same tracking error. Zenith tracking errors are defined as 
rotations around the parabolic focal line and this error therefore corresponds to the Sun being +2.5° higher in the sky 
than the alignment of the concentrator. For the proposed system the peak irradiance in the focal plane has fallen by 
an order of magnitude to 2.3 MW/m2 and the 90% caustic region increases to around 900 mm2. The peak irradiance 
in the focal plane of the parabolic dish is higher at 16 MW/m2 and correspondingly the 90% flux region is much 
smaller at approximately 46 mm2.  
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Fig. 3. Incident flux (MW/m2) on focal plane with a zenith tracking error of +2.5° for (a) proposed concentrator geometry; (b) equivalent 
parabolic dish. Same scale with dimensions in mm. 
 
In the proposed system the edge of the caustic region has translated about 7 mm from the original focal point and 
has broadened to 40 mm wide, in comparison the centre of the caustic region of the parabolic dish has translated 
22 mm from the original focal point and has only broadened slightly.  
 
The direction of the tracking error is important for the proposed system, but has no effect on the parabolic dish 
due to its axial symmetry. Azimuthal errors are defined as solar movement when the system is aligned east-west 
along the parabolic focal line and therefore +2.5° azimuthal error corresponds to approximately 10 minutes of solar 
movement from alignment. The rate that solar Zenith angles vary throughout the year is not constant; 2.5° is 
therefore only taken as an approximation for 10 days of solar movement.   
 
The previous zenith tracking error of +2.5° should be compared to a zenith tracking error of 2.5° and an 
azimuthal tracking error of +2.5° as in Fig. 4. These results are also summarized in Table 1.  
Fig. 4. Incident flux (MW/m2) on focal plane of proposed concentrator with (a) a zenith tracking error of 2.5°; (b) an azimuthal tracking error of 
+2.5°. Dimensions in mm with scale in W/m2.  
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For the proposed system the results are symmetrical with respect to azimuthal errors. Otherwise the direction of 
the tracking error has a significant effect on the peak irradiance, caustic size and translation from the original focal 
point. In turn this will affect the construction and placement of the receiver as well as the maximum achievable 
temperature. 
 
Table 1. Summary of tracking errors, including weighted translations of incident flux. 
Direction and magnitude of error Peak irradiance (MW/m2) Size of 90% caustic (mm2) Translation (mm) 
Proposed System  0o 24 19 0 
Proposed System Zenith +2.5° 2.3 900 13 
Proposed System Zenith 2.5° 1.2 930 15 
Proposed System Azimuth ±2.5° 
Parabolic Dish 0o 
2.7 
24 
270 
14 
36 
0 
Parabolic Dish  2.5° 16 46 22 
 
5. Discussion 
The proposed system compares favourably with the performance of an idealized parabolic dish when correctly 
aligned with the Sun. The translation of the caustic region is different with respect to the zenith and azimuthal 
tracking errors and compared with the parabolic dish is less for zenith angle errors and more for azimuthal. When 
used in a solar cooker the reduction in concentration for off-axis rays is not significant provided all the flux is 
captured, which is easily achievable when the base of a cooking pot has an area of ~400cm2. Moreover the reduced 
sensitivity to zenith angle error means less frequent zenith angle adjustment in a simple single-axis tracking system. 
The prosed geometry is easily scalable; an aperture of 0.5 m2 is estimated to boil a litre of water from standard 
conditions in less than 30 minutes under a direct normal irradiance (DNI) of 1000 W/ m2. 
  
6. Conclusion 
The geometry for a novel solar concentrator has been presented. It has been demonstrated that using only single 
curvature surfaces the proposed system can match the desired properties of an analogous parabolic dish for certain 
applications under correct solar alignment. The peak irradiance measured in the focal plane of the proposed system 
is more sensitive to tracking errors than that of a comparable parabolic dish. However, the smaller translation of this 
caustic region, when misaligned in the zenith, could be advantageous. 
 
The developable surfaces allow the mirrors to be formed from hardwearing flat reflective sheets. The simplicity 
of the construction may enable the high performance of the proposed system to be simply obtained and allow for 
high temperature applications.  
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